Using fura-2 and the manganese quenching technique, we show here that sarcolemmal permeability to cations (SP-Ca) of slow-twitch muscles is greater than that of fast-twitch ones. This appears to be related to a higher expression and/or activity of stretch-activated channels, whereas leak channel activities are similar. During hindlimb suspension (HU), we found highly correlated decreases in SPCa and resting calcium of soleus muscle toward values of extensor digitorum longus (EDL) muscle. This was significant as soon as 3 days of suspension, contrary to soleus muscle caffeine sensitivity and responsiveness that were not modified after this HU period. After 14 days of HU, SP-Ca, resting calcium, and caffeine response of soleus muscle became similar to that normally observed in EDL muscle. These results demonstrate that the correlated decreases in SP-Ca and resting calcium precede most functional changes due to HU. Given the known shortening of HU soleus muscle, we proposed that this could induce a decrease of SP-Ca and a consequent reduction of resting calcium. According to the crucial role of resting cytosolic free calcium in the maintenance and the adaptation of muscle phenotype, our results suggest that slow-to-fast transition of HU soleus muscle is calcium dependent.
espite their high degree of differentiation, adult muscles are still able to adapt in response to altered physiological request, for instance, when an organism is exposed to new environmental conditions. This is the case of the antigravity muscles when exposed to hypogravity during space flight or in the ground-based model of simulated microgravity, the rat hindlimb unloading (HU) (1) (2) (3) . During both space flight and HU, the soleus muscle undergoes atrophy and slow-to-fast phenotype transition. Studies have provided strong evidence that HU-induced muscle wasting is mainly related to an increased protein breakdown via activation of a calcium-independent and ATP-ubiquitin-dependent proteolysis pathway (2) (3) (4) (5) . However, HU-induced slow-to-fast transition is characterized by changes in the expression of numerous specific genes. For instance, the fast isoforms of estenso myosin heavy chain (MHC) and sarcoplasmic reticulum Ca-ATPase (SERCA) are up-regulated in response to HU, inducing a D shortening of relaxation and contraction times (6, 7) . Also, electrophysiological and metabolic properties of soleus muscle are modified according to slow-to-fast transition, with, for example, an altered expression of sodium, chloride, and aquaporin-4 channels (8-10); a reduction of oxidative enzymes; and an increase of glycolytic enzyme activity (11) . Despite the numerous studies on the HU-induced slow-to-fast transition of soleus muscle, the mechanisms that trigger gene expression changes during this process remain unclear (3) .
Calcium ion exerts a pivotal role in regulating muscle physiology (12) . For instance, at shortterm, it triggers contraction, while at longer term, it is involved in modulation of gene expression. Interestingly, alteration of calcium homeostasis can induce muscle fiber phenotype changes (13) (14) (15) (16) . One of the better examples of this process was provided by Kubis et al. (13) . It is known that intracellular cytosolic free calcium ([Ca 2+ ] i ) at rest is muscle-type specific, being higher in muscle fibers from slow-twitch muscles (14, 17, 18 ). Kubis and collaborators have shown that in vitro application of a calcium ionophore to rabbit fast skeletal muscle cells in culture induces resting [Ca 2+ ] i increase and consequent fast-to-slow transformation, which are both reversible (13, 15) . In this example, both a down-regulation of the type II fast MHC and an increased expression of the type I slow MHC isoforms were observed, suggesting that resting [Ca 2+ ] i is involved in both slow-and fast-twitch phenotype determinism and maintenance.
These data led us to assess the possibility that resting [Ca 2+ ] i changes could be involved in the slow-to-fast transition of soleus muscle phenotype as a result of HU. In line with this hypothesis we have shown in a previous study that the suspension induces a shift of the mechanical threshold (MT) in rat soleus muscle toward values typical of a fast muscle (10) . Indeed, fibers from control soleus muscle need less depolarization to contract than EDL myofibers, but after 1 week of HU the threshold potential for contraction is increased in soleus toward that of EDL muscle. This data are compatible with a decrease of resting [Ca 2+ ] i in HU soleus muscle. If resting [Ca 2+ ] i changes are involved in the phenotype transition of HU soleus muscle, it should be an early event preceding the functional changes that occur during suspension. Study of MHC protein and mRNA expression in soleus muscle during suspension reveal no change after 3 days and slight modification after 4 days (9, 10, 19) . In contrast, after 2 wk of suspension, soleus muscle exhibits a thoroughly rearranged MHC isoform pattern in which all fast isoforms are elevated at the expense of MHCI, even though the latter remains the predominant isoform (9, 10, 19) . Therefore, the first aim of this study was to determine the effects of 3 days and 2 wk of HU on resting [Ca 2+ ] i in rat soleus muscle, using the fura-2 fluorescent calcium probe. To compare the time course of these effects with the morphological and functional changes occurring in HU soleus muscle, the progression of muscle atrophy, the characteristics of caffeine-induced calcium release, and the mechanical threshold were evaluated in parallel. Moreover, because experimental increase of sarcolemmal permeability to calcium ions (SP-Ca) induces a fast-toslow phenotype transition in fast-twitch muscle cells (13, 15) , we assessed the possibility that HU-induced slow-to-fast transition of soleus muscle phenotype could be associated with changes in SP-Ca. Because muscle-type specificity of resting SP-Ca has not been studied before, we first compared resting calcium influx in soleus and EDL muscles of control rats, using the manganese quenching technique, and then determined HU effects on resting SP-Ca.
The most marked results are that rat soleus muscle, in addition to its well known higher resting [Ca 2+ ] i , exhibits a greater sarcolemmal permeability to divalent cations with respect to EDL muscle, probably related to the higher activity of the stretch-activated calcium channels in the slow-twitch muscle. After 3 days of suspension, these characteristics of calcium homeostasis are reduced in soleus muscle, although the fiber response to caffeine is still typical of slow-twitch muscle fibers. Moreover, after 2 wk of HU, sarcolemmal permeability to divalent cations, resting [Ca 2+ ] I , and caffeine-sensitive calcium release in soleus muscle are similar to those measured in the fast-twitch EDL muscle of control rats. These data suggest that resting [Ca 2+ ] i change is an early event of muscle adaptation to HU and may be involved in the slow-to-fast phenotype transition observed in unloaded soleus muscle.
MATERIALS AND METHODS

Animal care and surgery
Animal care was consistent with the Italian guidelines for the use of laboratory animals and the European Community Directive published in 1986 (86/609/EEC). Adult male Wistar rats (250-350 g, Charles River Laboratories, Calco, Italy) were randomly assigned to control or HU groups. Rats of the HU groups were suspended individually in specially designed cages for 3 or 14 days by a harness linked to a trolley by a lace (8, 10) . Before in vitro experiments, muscles were removed from the animal under deep anesthesia (1.2 g/kg body weight) and were promptly used for the electrophysiological experiments or pinned in a dissecting dish containing 95% O 2 /5% CO 2 -gassed normal physiological (NP) at room temperature (22°C) for further dissection.
Isolation and fura-2 loading of intact muscle fibers
Small bundles of 5-10 muscle fibers arranged in a single layer were dissected longwise, tendon to tendon, with the use of microscissors. The muscle fibers were incubated with the fluorescent calcium probe fura-2 for 45-60 min at 22°C in NP solution containing 5 µM of the acetoxymethyl ester (AM) form of the dye mixed to 10% (v/v) Pluronic F-127 (Molecular Probes, Leiden, The Netherlands). After they were loaded and washed, muscle fibers were mounted in a glass-bottomed RC-27NE experimental chamber (Warner Instruments, Hamden, CT) modified by the authors. Tendons of the muscle preparations were attached by the means of hair loops; one extremity was linked to a fixed tube and the other to a mobile one (20) . The experimental chamber (400 µl of volume) was placed on the stage of an inverted Eclipse TE300 microscope with a X40 Plan-Fluor objective (Nikon, Tokyo, Japan) and was linked at the enter pore to an electro-valves controlled perfusion system, ensuring a constant gravity-driven flow rate of ∼4 ml.min -1 (Warner Instruments).
Experimental set-up for fluorescence measurements
Fluorescence measurements were made using a QuantiCell 900 integrated imaging system (VisiTech International, Sunderland, UK). Briefly, the system consists of a monochromator illumination system that permits excitation of the preparations at continuously variable wavelength (300-750 nm), using an integral high-power Xenon lamp source. The emitted fluorescent images (12 bits, 4096 gray values) are acquired with a Peltier-cooled digital CCD camera and stored on computer. A fast shutter allows limitation of photobleaching by turning off illumination of the sample between acquisitions of two ratiometric images. The QC2000 software (VisiTech International) was used to control excitation/acquisition protocol and off-line analysis of the signal.
Intracellular fura-2 calibration and cytosolic calcium concentration determination in isolated muscle fibers at rest
To check electrical integrity before fluorescence measurements, we stimulated preparations by electric pulses (2 ms duration, 0.33 Hz) of increasing intensity until visible contraction with a pair of platinum-wire electrodes. Fibers that did not contract were discarded. Then, a bright field image was acquired (×400 magnification) and the mean sarcomere length (SL) (20-30 sarcomeres) of the fibers in the field of view was measured using gray level profiling tool of the Imaging-Pro Plus Software (Media Cybernetics, L.P.). The SL was set to ∼2.5 µm. Mean resting background corrected ratio (340/380 nm) values were determined for each fiber of the preparation by manually demarcating fiber boundaries using QC2000 software and subsequently used to calculate the resting cytosolic calcium after calibration procedure. Muscle fiber fluorescence ratio was converted to [Ca 2+ ] i (3), using the following equation [Ca 2+ ] i = (R-R min )/(R max -R)•K D •β, where R is the ratio of fluorescence excited at 340 nm to that excited at 380 nm; K D is affinity constant of fura-2 for calcium, which was taken at 145 nM (Molecular Probes, Eugene, OR); β, R min , and R max are parameters according to Grynkiewicz and collaborators (21) and were determined in ionomycin (12) permeabilized myofibers as follow: R min was the minimum R value measured in calcium-free solution, R max was the maximal R value measured in NP solution, and β was calculated as the F 380 calcium free /F 380 calcium satured ratio (17, 21) .
Determination of the caffeine-induced calcium transient dose-response relationship
Exposure of muscle fibers to caffeine induces a release of calcium from the sarcoplasmic reticulum (SR) via the ryanodine receptors (RyR), which in turn produces the development of a contracture. Both calcium and tension responses increase until reaching a plateau, the amplitude of which depends on the interplay between release (RyR) and removal of calcium (e.g., by sarcoplasmic reticulum Ca 2+ -ATPase) (22) . The SL was set to ∼2.5 µm. After calculation of resting fluorescence ratio, muscle fibers were exposed to caffeine in the concentration range of 2.5-40 mM, until the calcium transient reached a plateau. Between two caffeine applications, muscle fibers were allowed to recover in NP caffeine-free solution for 5 min. During the whole protocol, pixel-to-pixel background corrected ratio of fluorescence (340/380 nm) was acquired at 0. 50 is the concentration of caffeine to obtained the halfmaximal calcium transient amplitude, and k is a slope factor. Curve fitting was carried out using nonlinear least squares curve fitting routine of the Microcal Origin 5.0 data analysis software (Microcal Software, Northampton, MA). Comparisons of means EC 50 and k values calculated for each group were used to determine differences in caffeine sensitivity between the different muscle fiber groups.
Determination of sarcolemmal permeability to divalent cations
The manganese quench technique was used to estimate the sarcolemmal permeability to divalent cations (23) . Mn 2+ enters cells via the same routes as Ca 2+ and accumulates inside over time because it is poorly accepted by the cellular transport systems. As Mn 2+ quenches the fluorescence of fura-2, the reduction of the intensity of fura-2 fluorescence can be used as an indicator of the time integral of Mn 2+ influx (23) (24) (25) . Muscle preparations were first perfused for 2 min with NP solution containing 0.5 mM Mn 2+ as a surrogate of Ca 2+ (quenching solution). Then, the quenching solution supplemented with 50 µM Gd 3+ or 25 µM nifedipine was applied to muscle fibers for 2-4 min. During the whole quenching protocol, the fluorescence of fura-2 excited at 360 nm was acquired at 1 Hz. The quench rates, before and after application of Gd 3+ or nifedipine, were estimated using linear regression analysis of fluorescence signal and expressed as the decline per minute of the initial fluorescence intensity.
Electrophysiological studies
Soon after the removal from the rat, soleus and EDL, tied at the end of each tendon, were placed on a glass rod located in a 25 ml muscle bath chamber maintained at 30°C and continuously perfused with 95% O 2 /5% CO 2 -gassed normal physiological solution (26) . The MT for contraction was determined in muscle fibers, using a computer-assisted two microelectrode point voltage clamp method in the presence of 3 µM tetrodotoxin, as described previously (10, 27) . The holding potential was set at -90 mV. Depolarizing current pulses of increasing duration (5-500 ms) were given repetitively at a rate of 0.3 Hz, while the impaled fibers were viewed continuously with a stereomicroscope. The command voltage was increased until contraction was just visible, and the threshold membrane potential was read from a digital sample-and-hold voltmeter. The mean threshold membrane potential V (mV) was plotted as a function of the pulse duration t (ms), and the relationship was fitted using a nonlinear least squares algorithm by using the follwing equation:
, where H (mV) is the holding potential, R (mV) is the rheobase voltage, and τ (ms) is the time constant to reach R. The MT values were expressed as the fitted R parameter along with the standard error that was determined from the variance-covariance matrix in the no-linear squares fitting algorithm.
Solutions and chemical compounds
The normal physiological (NP) solution had the following composition (in mM): 148 NaCl, 4.5 KCl, 2.5 CaCl 2 , 1 MgCl 2 , 12 NaHCO 3 , 0.44 NaH 2 PO 4 , and 5.5 glucose. The pH was adjusted to 7.3-7.4 by bubbling the solution with 95% O 2 /5% CO 2 . The calcium-free solution had the same composition as NP except that CaCl 2 was omitted and 10 mM of ethylene glycol bis(β-aminoethyl ether)-N,N,N',N'-tetracetic acid (28) was added. The quenching solution had the same composition except that 0.5 mM MnCl 2 was substituted for CaCl 2 . All chemicals cited above and GdCl 3 , nifedipine, and ionomycin were from Sigma (St. Louis, MO).
Statistical analysis
Data are expressed as means ±SE obtained from n fibers and N animals. Comparisons between quench rates before and after application of gadolinium or nifedipine were based on paired Student's t test; comparisons between more than 2 means were based on variance analysis followed by Bonferroni's t test. Threshold for statistical difference was set at 0.05.
RESULTS
Mechanical threshold (MT) and resting cytoplasmic ionized calcium
As previously shown (10, 29) , fibers from control soleus muscle needed significantly less depolarization to contract at each pulse duration, thus the threshold potential-duration relationship was shifted to more negative potentials in the control soleus muscle fibers with respect to EDL (Fig. 1) . Consequently, the MT rheobase voltage (R) calculated in soleus muscle before suspension was more negative than in EDL (Table 1) . This difference was progressively and significantly reduced during suspension, owing to a shift of the soleus muscle R value toward EDL. The time constant to reach R, τ, was modified in a similar way (Table 1) .
For accurate calcium concentration calculation, the parameters of Grynkiewicz equation were determined for each muscle and used for calculating [Ca 2+ ] i in all muscle fibers of the same muscle (21) . Calibration parameter values slightly differed between muscle fiber groups (Fig. 2) . The resting [Ca 2+ ] i measured in control soleus muscle fibers was significantly higher (∼50%) than in EDL muscle (Fig. 3A) . After 3 days of HU, resting [Ca 2+ ] i was already significantly decreased (∼25%) in soleus muscle fibers as compared with control. Prolonging suspension to 14 days further decreased soleus muscle resting [Ca 2+ ] I , which became similar to that measured in control EDL muscle fibers (Fig. 3A) . The R parameter of MT was inversely related to resting [Ca 2+ ] i (Fig. 3B) .
HU induces atrophy
We evaluated atrophy of soleus muscle by measuring the muscle-to-body weight ratio and the muscle fiber diameters. In control rats, the muscle-to-body weight ratio was 0.49 ± 0.03 mg/g (five rats) and the mean fiber diameter was 49.0 ± 1.0 µm. After 3 days of HU, the muscle-tobody weight ratio (0.47 ± 0.03 mg/g, N = 5) was not significantly modified but the fiber diameter was significantly decreased by 9% (44.7 ± 0.9 µm, n = 39, N = 5, P < 0.005 vs. control soleus muscle, Bonferroni's t test). In rats suspended for 14 days, both the muscle-to-body weight ratio and fiber diameter were markedly decreased by ∼30% (0.35 ± 0.03 mg/g, N = 3 and 34.7 ± 0.8 µm, n = 35, N = 4, P < 0.01 and P < 0.00001 vs. control soleus muscle, Bonferroni's t test). These results confirm previous reports (8, 10) .
Slow-to-fast phenotype transition
To monitor the slow-to-fast phenotype transition of soleus muscle during HU, we determined the dose-response relationship of caffeine-induced calcium release using the fura-2 fluorescence calcium probe. As shown in Figure 3C and Table 2 , the results obtained confirmed that slowtwitch muscle fibers were more sensitive to caffeine than those of fast-twitch muscles. Indeed, the mean EC 50 of caffeine-induced calcium release was significantly lower in soleus muscle fibers ( Table 2, Fig. 3C ). The slopes of the two dose-response relationships were also significantly different (Table 2 , Fig. 3C ). Moreover, the mean value of maximal amplitude of caffeine-induced calcium transient obtained by application of 40 mM caffeine (40Caf) in soleus muscle fibers was threefold the value of that measured in EDL muscle fibers (Fig. 3D) . After 3 days of suspension, the mean EC 50 value and the amplitude of the 40Caf calcium transient in soleus muscle were not different from control values ( Table 2 , Fig. 3C, 3D) . Nevertheless, the slope constant of the dose-response curve was slightly but significantly decreased. In contrast, in soleus muscle of rats suspended 2 wk, the dose-response curve was significantly shifted toward higher caffeine concentrations with a mean EC 50 value that was similar to that of EDL muscle fibers (Table 2, Fig. 3C ). Moreover, in these muscle fibers, the mean amplitude value of the 40Caf calcium transient was reduced by ∼40-50% as compared with control soleus value, being similar to that measured in EDL muscle fibers (Fig. 3D) .
Manganese influx
To assess the possibility that the difference in resting [Ca 2+ ] i observed between soleus and EDL muscles could be related to a difference in the resting membrane permeability to calcium ions, we used the manganese quench technique (Fig. 4A) . Sarcolemmal permeability to divalent cations is in part dependent on stretch-activated channels (SAC) permeable to calcium ions (25, 30, 31) . Thus, we first measured the quench rate of a given isolated muscle fiber at different resting tensions. The sarcomere length (SL) was used to monitor the magnitude of applied tension. Three SL intervals were chosen (in µm): 1.8 ≤ SL < 2.3 (SL S for slack SL), 2.3 ≤ SL < 2.6 (SL O for optimal sarcomere length), and 2.6 ≤ SL < 3.0 (SL H for high sarcomere length). The SL S corresponds to the mean SL value we measured experimentally when the muscle fibers were stretched just above slack tension. The two others were defined using literature reporting the resting SL range measured in vivo in rat soleus and EDL muscles (32) and the optimal resting SL at which maximum tetanic tension is generated (33, 34) . The manganese quench rate was measured after the fibers equilibrated for 10 min in NP solution at one of the three SL ranges (SL S , SL O , SL H ). The protocol was applied to at least three preparations of two to three fibers each, performing different sequences of the SL to avoid bias due to accumulation of manganese in the fibers. Quench rate values were normalized with respect to the maximum quench rate observed (Fig. 4B ).
Significant modification of the quench rate induced by SL changes was observed only in control soleus and 3 days HU soleus muscle fibers, with a significant lower quench rate (∼50%) at SL S as compared with other SL (Bonferroni's t test). However, the SL/quench rate relationship of all the four muscle fiber groups was bell-shaped, the maximum quench rate value being in the SL O range. Whereas the mean quench rate values calculated at SL S were similar between the different muscle groups, the SL O and SL H quench rates differed among muscle fiber groups (Fig. 4B) . Considering these results and the fact that SL O range corresponds to the resting SL range of rat soleus and EDL muscles in vivo (32) (33) (34) , in this study, the muscle fibers were stretched to SL O before all experiments. In these conditions, quench rate in resting control soleus muscle fibers was about twice that of EDL muscle fibers (Fig. 5A ). As compared with control, the mean quench rate value in soleus muscle fibers was decreased by ∼30% after 3 days of HU (Fig. 5A) and further decreased by ∼55% after 14 days of HU, becoming at this point similar to that measured in resting control EDL muscle fibers (Fig. 5A) . A high linear correlation (r > 0.9999, P < 0.0015) was found between mean quench rate values and resting [Ca 2+ ] i of soleus muscle fibers from control and suspended rats (Fig. 5B) .
The calculated correlation coefficients between diameters and quench rates were very small (r < 0.2 and P > 0.3) for each type of muscle fiber. In addition, in soleus muscles, the suspensioninduced quench rate decrease was not significantly correlated to the suspension-induced fiber diameters decrease (data not shown). These results indicate that the difference between the quench rates of the different muscle fiber groups was due to differences in the sarcolemmal permeability to divalent cations rather than fiber caliber differences.
Effects of Gd
3+ on the Mn 2+ quench rate Soleus muscle fiber quench rate was dependent on the resting sarcomere length (SL) (Fig. 6B) , suggesting a role for calcium-permeable mechanosensitive channels. To evaluate such a possibility, we tested the effects of Gd 3+ on the quench rate of the different muscle fiber groups (Fig. 6A, 5C ) Among the pharmacological tools used to characterize the SAC, Gd 3+ is an effective blocker and is the most widely used despite some nonspecific actions (35) . As illustrated for control soleus muscle fibers (Fig. 6A) , application of 50 µM Gd 3+ immediately reduced fluorescence quench in all muscle fiber groups (Fig. 5C) . Block of Mn 2+ influx was reversible because fluorescence quench continued after removal of Gd 3+ (data not shown). The quench rate inhibition induced by Gd 3+ was more pronounced in control soleus muscle fibers than in EDL. Moreover, during suspension, the inhibition of quench rate by Gd 3+ was progressively decreased in soleus muscle fibers toward mean inhibition value observed in EDL muscle. Interestingly, the persisting quench rates in the presence of Gd 3+ were not significantly different between muscle fiber groups (Fig. 5C ).
Effects of nifedipine on the Mn 2+ quench rate
It has been shown that adult muscle fibers express leak calcium channels, an increased activity of which could account for the calcium overload reported in muscle disorders such as in the mdx mouse model of Duchenne muscular dystrophy (24, 36) . Nifedipine, an antagonist of voltagedependent calcium channels (VDCC) (37) , has also been shown to increase the activity of the leak calcium channels (24, 38) . Thus, to determine the relative calcium entry through VDCC and leak channels, we measured Mn 2+ quench rates before and after application of nifedipine (Fig.  6B, 5D ). In all muscle fiber groups, application of 25 µM nifedipine induced a significant increase of the quench rate (P < 0.03, paired Student's t test), whereas inhibition of Mn 2+ influx was never observed. The nifedipine-induced quench rate increase was lower in control soleus muscle fibers than EDL ones (Fig. 5D ). During suspension, this difference was progressively attenuated, relative nifedipine effect becoming similar in soleus and EDL muscles. However, the absolute quench rate increase induced by application of nifedipine was similar in the four muscle fiber groups (Fig. 5D ).
DISCUSSION
HU-induced resting calcium decrease
As described previously by others, resting [Ca 2+ ] i measured in the slow-twitch soleus muscle was higher than in the fast-twitch EDL muscle (14, 17, 18) . During suspension, resting [Ca 2+ ] i of soleus muscle was reduced by ∼25% at 3 days HU and ∼50% at 14 days HU, being at this point highly similar to that of control EDL muscle. Interestingly, one study performed in suspended mice reached the opposite conclusion (39, 40) . Indeed, these authors found that after 3 days of suspension, the resting [Ca 2+ ] i was increased by ∼40% in mouse soleus muscle and by ∼120% after 7 days. This discrepancy could arise from a different sensitivity to unloading between the two rodent species (41) . On the other hand, these differences could be related to methodical considerations, in particular regarding the type of fluorescent calcium probes and the calibration approach used (17, 42) .
In the present study, the R min , R max , and β parameters of the Grynkiewicz Eq. (21) were determined in situ (methods). This approach enables us to take into account a large part of the changes in dye properties due to the different intracellular environments (17, 43) . Indeed, the three parameters were different between control soleus and EDL muscles. During HU, values calculated in soleus muscle progressively reached those found in EDL muscle. Because autofluorescence and compartmentalization were negligible in all muscle fiber groups, these changes could be attributable to a progressive slow-to-fast shift of the intracellular environment, which in turn influences the dye properties. This could be accounted for by modification of ionic strength, pH, or interactions of the dye with cytosolic proteins (17) . Importantly, the ratio between resting [Ca 2+ ] i of control soleus muscle to those of EDL muscle calculated here was very close to calcium concentration ratio calculated by others between slow-and fast-twitch muscles, using in situ calibration of fura-2 or other calcium probes (14, 17) . Taken together, these data strongly argue for a decrease in resting [Ca 2+ ] i in the rat soleus muscle in response to HU.
Such data are reinforced by the suspension-induced shift of the mechanical threshold in soleus muscle toward values typical of fast muscle, as we show here and in a previous study (10) . In accordance with previous studies, made by others and in our laboratory, slow-twitch muscle fibers required minor depolarization to contract (10, 29) . The MT is a calcium-sensitive activity index of the entire various mechanisms responsible for the excitation-contraction coupling, including proteins involved in calcium homeostasis and contraction. Among these mechanisms, after 3 days of HU, only the SERCA expression has been shown to be altered with no or little change in Ca 2+ -ATPase activity (6) . Therefore, we hypothesize that MT changes observed in soleus muscle fibers after this earlier period of suspension are mainly due to the resting [Ca 2+ ] i decrease. Indeed, myofibers with lowered resting [Ca 2+ ] i will need a higher sarcoplasmic reticulum calcium release, thus a higher depolarizing pulse, to reach the contraction threshold with respect to control muscle fibers. Fourteen days of HU induced further shift of the MT and concomitant resting [Ca 2+ ] i decrease of soleus muscle fibers. Nevertheless, the relationship between resting [Ca 2+ ] i and MT parameters along the whole HU period was better correlated with a polynomial function than a linear one (data not shown). This confirms that the MT does not solely depend on resting [Ca 2+ ] i , but it also relies on the activities of various mechanisms involved in the excitation-contraction coupling. This hypothesis is consistent with the changes in expression and activity of many of these mechanisms that occur after 2 wk of suspension (6, 7, 10, 19, (44) (45) (46) (47) (48) (49) (50) .
HU-induced slow-to-fast functional changes in soleus muscle
In line with the capacity of adult skeletal muscle to adapt in response to environmental stimuli, the removal of the mechanical load was shown to modify the expression of genes encoding specific fast and slow protein isoforms responsible for the determination of the muscle phenotype (7) . Caffeine has been extensively used to bypass voltage-gated excitation-contraction coupling in skeletal muscle, directly gate SR Ca 2+ -release channels (RyR), and generate Ca 2+ -activated contractures (51, 52) . In mammals, slow-twitch skeletal muscles are both more sensitive (lower threshold) and more responsive (higher contracture amplitude) to caffeine as compared with fast-twitch ones (52). These differences have been generally described by comparing dimensions of isometric force developed assuming that the rate and the amplitude of sarcoplasmic Ca 2+ release are directly related to force. Nevertheless, the greater sensitivity to caffeine of slow-twitch muscles has been also confirmed in intact rat muscle fibers, using imaging caffeine-induced Ca 2+ transients (51) . In line with this, we observed that caffeineinduced Ca 2+ transient relationship was shifted toward higher caffeine concentration values in EDL as compared with control soleus. Moreover, in accordance with a previous study (53) , the maximum amplitude of the calcium transient, obtained by application of 40 mM caffeine, was much lower in the fast than the slow-twitch muscle. After 3 days of suspension, the amplitude of the 40Caf calcium transient was not modified in soleus muscle, but the slope factor of the doseresponse relationship was significantly decreased with no change in the EC 50 value.
It has been shown that caffeine acts by increasing the calcium sensitivity of the RyR so that the resting [Ca 2+ ] i becomes sufficient to induce the calcium-induced calcium release process (54) . Thus, if resting [Ca 2+ ] i is decreased, the threshold of caffeine-induced calcium release will be increased and the slope of the caffeine dose-response curve will be decreased with virtually no change of the EC 50 value. This mechanism fits well with the hypothesis that the altered slope of soleus muscle dose-response curve to caffeine after 3 days HU is mainly attributable to the resting [Ca 2+ ] i decrease. Alternatively, in soleus muscle of 14 days HU rats, both caffeine sensitivity and responsiveness were found similar to those of EDL muscle, according to the welldocumented slow-to-fast transition of soleus muscle phenotype after this period of suspension (6, 7, 10, 19, (44) (45) (46) (47) (48) (49) (50) .
Is resting [Ca 2+ ] i decrease responsible for slow-to-fast transformation in HU soleus muscle?
After 3 days of suspension, resting [Ca 2+ ] i is already decreased in a drastic manner in soleus, but in this muscle the functional characteristics are still typical of a slow-twitch muscle and immunostaining and RT-PCR experiments reveal no change in MHC protein and mRNA expression (10) . Thus, resting [Ca 2+ ] i changes appear to precede most of the functional modifications resulting from HU-induced slow-to-fast transformation. This is an important issue because growing evidences point out the important role of [Ca 2+ ] i in the adaptation and maintenance of skeletal muscle phenotype (13-16, 28, 55, 56) . For instance, it has been shown that increasing the resting [Ca 2+ ] i of fast skeletal muscle cells by adding ionophore A23187 in culture medium induces a fast-to-slow transformation associated with an increased protein and mRNA expression of the slow MHC I (13, 15) . Moreover, these effects were reversed when the calcium was removed from the culture medium. Taken together, these data lead to suggest that the resting [Ca 2+ ] i decrease observed in soleus muscle as a result of HU may play an important role in triggering the slow-to-fast transition occurring in microgravity conditions.
On the other hand, the resting [Ca 2+ ] i value is also a signature of muscle phenotype. Accordingly and in parallel to the slow-to-fast transformation of soleus muscle fibers, the resting [Ca 2+ ] i was further reduced by 14 days of HU. The higher resting [Ca 2+ ] i found in control slow-twitch muscle fibers as compared with fast-twitch ones is related to the muscle-type specific expression of calcium handling protein isoforms and calcium store capacities. For instance, the slow-twitch soleus muscle has a nearly equal distribution of SERCA1a, the adult fast-twitch muscle isoform of SR Ca 2+ -ATPase, and SERCA2a, the slow-twitch/cardiac muscle isoform (57, 58) . By comparison, the fast-twitch EDL muscle expresses 99% SERCA1a protein at levels six times higher than that of the soleus muscle (57) . After two wk of suspension, although there is little change in SERCA2 expression, soleus muscle SERCA1 mRNA and protein levels, SR Ca 2+ -ATPase activity, and relaxation rate increase to levels that are 50% of a control fast-twitch muscle (6, 49) . Therefore, the reduced resting [Ca 2+ ] i we observed after 14 days of HU is in accordance with the various studies that have reported a marked slow-to-fast translation of calcium homeostasis in soleus muscle fibers after this period of unloading (2, 3) . Interestingly, in spite of the observation that resting [Ca 2+ ] i and fiber diameter were both decreased at 3 and 14 days of suspension, these two parameters were not correlated (data not shown). This data are in line with results from other studies suggesting that atrophy of unloaded soleus muscle is mainly calcium independent and results from the activation of the ATP-Ubiquitin proteolytic pathway (4, 5) . In summary, resting [Ca 2+ ] i appears to be a crucial parameter for the HU-induced slow-tofast transition of soleus muscle fibers, especially during the first days of suspension but would be in turn influenced by the functional changes.
Sarcolemmal permeability to calcium is higher in soleus than in EDL muscle and is decreased by suspension
One major finding of the present study was the higher quench rate in soleus as compared with EDL muscle when fibers were stretched at resting tension near those measured in vivo. Thus, it can be concluded that calcium entry through the sarcolemma is greater in fibers from the slowtwitch soleus muscle in respect to the fast-twitch EDL. During suspension, the passive manganese influx was progressively decreased in soleus muscle and became similar to those of EDL muscle after 2 wk. Gd 3+ inhibited the manganese influx in all muscle fibers groups in such a way that residual quench rates became similar between groups. When muscle fibers were stretched just above slack-tension all muscle fiber types also exhibited a similar quench rate. Thus, differences observed between quench rate of the diverse groups seem to be related to different expression and/or activity of calcium permeable SAC. Because Gd 3+ did not inhibit completely the manganese influx in either muscle fiber groups we have evaluated the participation of calcium entries other than SAC. Application of nifedipine induced a similar absolute increase of quench rate in all muscle fiber groups. This compound has been shown to increase the open probability of the leak calcium channels (24, 38) . Thus, our data are in accordance with a precedent study demonstrating that leak calcium channels are expressed in skeletal muscle fibers (24) . Because effect of nifedipine on the quench rate was similar in soleus and EDL muscle fibers, we can conclude that the expression and the resting activity of the leak calcium channels are similar in slow-and fast-twitch skeletal muscles. In line with this and according to the HU-induced slow-to-fast transformation, the net increase of manganese influx in response to nifedipine application was similar in soleus muscle fibers from control, and 3 days and 14 days HU rats. On the other hand, quench rate slowing by application of nifedipine, which is also an inhibitor of VDCC, was never observed, excluding the contribution of VDCC to resting Mn 2+ influx observed in our study. In summary, the difference in calcium permeability between soleus and EDL muscle fibers seems to mainly arise from a higher expression and/or activity of calcium SAC that are gradually reduced as a result of suspension, contrary to the activity of the leak channels, which remains unchanged.
Interestingly, for all the muscle groups studied, the quench rate was the highest when muscle fibers were stretched to set sarcomere length within resting physiological range (SL O ), as compared with the two other SL tested. In particular, when muscle fibers were stretched at SL H , the quench rate was lowered as compared with SL O . This was observed for all muscle fibers, suggesting that both calcium SAC and stretch-inactivated channels (SIC) are expressed in rat skeletal muscle fibers. Calcium SIC activity has been demonstrated in myotubes of mdx mice but little or not in wild-type ones (59) . Nevertheless, the expression of mRNA coding for calciumpermeable SIC has been shown in skeletal muscles (31) . Whatever the underlying mechanisms, the fact that passive calcium influx appears to be maximum when the muscle fibers are stretched close to physiological conditions of resting muscles in vivo, suggests that the role of this calcium influx could be related to long-lasting resting regulation of muscle, such as gene transcription regulation by stretch, rather than short-term regulation of contractile properties. Note the tight correlation between the resting calcium decrease and the reduction of sarcolemmal permeability in unloaded soleus muscle. Whether the changes in resting [Ca 2+ ] i of unloaded soleus muscle are the cause or the consequence of change in SAC activity remains to be clarified. We cannot exclude that resting [Ca 2+ ] i decrease depends on various parameters, in particular up-regulation of Ca 2+ -ATPase activity (6, 49) . Alternatively, because soleus muscle has been shown to be shortened in vivo during suspension (1), this could induce a reduced SAC activity, resulting in early decrease of calcium influx and a consequent decrease of resting [Ca 2+ ] i . In turn, this could be involved in the initial events of the slow-to-fast phenotypic transition, via Ca
2+
-dependent pathways such as those involving calcineurin (56) . If confirmed, pharmacological tools able to modulate calcium homeostasis and SAC activity may be of potential interest to counteract disuse-induced muscle alterations occurring in microgravity conditions or as a result of limb immobilization after spinal cord injury or prolonged bed rest. The strength-duration relationships were constructed by plotting the values of the threshold potentials (V) needed to obtain muscle fiber contraction as a function of the voltage pulse duration (t). Each point represents the mean ± SE of 5-40 fibers from 3-6 rats The curves fitting the experimental points were obtained using the equation
Fit parameter values along with the SE of the fit are given in Table 1 . ] i . C) Doseresponse curves of muscle fibers exposed to caffeine. For each group, the amplitude values of calcium transient induced by caffeine are normalized by the amplitude value recorded during the response to a maximal caffeine concentration (40 mM). Sigmoidal curves were fitted to the experimental points as described in Materials and Methods, and the parameters are reported in Table 2 . Each experimental point represents the mean ± SE value of the normalized calcium release amplitude determined in two animals and at least in five muscle fibers. ] i or calcium transient measured in n fibers from N rats. Statistical differences between muscle fiber groups were determind using ANOVA with Bonferroni's test. Statistical difference vs. control soleus muscle fibers (a), soleus muscle fibers from HU3d rats (b), and soleus muscle fibers from HU14d rats (c). n.s., not significantly different. 2+ influx monitored at 360 nm in soleus muscle fiber of control rat. The quench rate (5.17%.min -1 ) was determined using linear regression analysis. The decline of fura-2 fluorescence is expressed as a percentage per minute of initial fluorescence intensity. B) Relationship between resting tension and resting quench rate in soleus and EDL muscle fibers of control rats and in soleus muscle fibers of 3-day-old (HU3d) and 14-day-old (HU14d) HU rats. The sarcomere length (SL) was used to monitor imposed resting tension. Three SL ranges were defined as SL S (SL<2.3 µm), SL O (2.3≤SL<2.6 µm), and SL H (2.6≤SL<3.0 µm). For each preparation, the quench rate was measured at the three SL ranges. Whatever the preparation considered the maximal quench rate value was obtained at SLO and used to normalize the quench rate values measured as the other SL. For each muscle group, the mean normalized quench rate was plotted as a fucntion of the SL range. At least three muscle preparations from two animals were used per muscle group. . Each bar represents the mean ± SE value of quench rate before (solid bars) and after (open bars) application of Gd 3+ determined in n fibers from N rats. § Significantly different from quench rate determined in the absence of Gd 3+ , paired Student's t test, P < 0.002 for all groups. When the difference is significant between groups, the level is indicated (first term in the absence of Gd 3+ , second term in the presence of Gd 3+ ). D) Nifedipine-induced resting Mn 2+ influx change. Application of nifedipine induced an increase of the quench rate in all muscle fiber goups, P<0.003 for all muscle fiber goups, paired Student's t test. Each bar represents the mean ± SE value of quench rate increase induced by nifedipine of n fibers from N rats. Results are expressed in percentage of increase (solid bars, % of initial quench rate) and as the absolute quench rate increase (open bars, %.min -1 ). *Significantly different from value obtained in control soleus muscle fibers, ANOVA with Bonferroni's test. No statistical difference was found between net nifedipine-induced quench rate increase of the diverse muscle fiber groups, ANOVA. A, C) Statistical differences between quench rate of the different groups were determind using ANOVA with Bonferroni's test. Statistical difference vs. control soleus muscle fibers (a), soleus muscle fibers from HU3d rats (b), and soleus muscle fibers from HU14d rats (c). n.s., not significantly different. . Quench rates (%.min -1 ) determined before and after application of nifedipine are indicated.
